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ABSTRACT
We present a semi-analytic, computationally inexpensive model to identify halos capable of forming a Popula-
tion III star in cosmological simulations across a wide range of times and environments. This allows for a much
more complete and representative set of Population III star forming halos to be constructed, which will lead to
Population III star formation simulations that more accurately reflect the diversity of Population III stars, both
in time and halo mass. This model shows that Population III and chemically enriched stars coexist beyond the
formation of the first generation of stars in a cosmological simulation until at least z ∼ 10, and likely beyond,
though Population III stars form at rates that are 4-6 orders of magnitude lower than chemically enriched stars
by z = 10. A catalog of more than 40,000 candidate Population III forming halos were identified, with formation
times temporally ranging from z = 30 to z = 10, and ranging in mass from 2.3×105 M to 1.2×1010 M. At
early times, the environment that Population III stars form in is very similar to that of halos hosting chemically
enriched star formation. At later times Population III stars are found to form in low-density regions that are not
yet chemically polluted due to a lack of previous star formation in the area. Population III star forming halos
become increasingly spatially isolated from one another at later times, and are generally closer to halos hosting
chemically enriched star formation than to another halo hosting Population III star formation by z∼ 10.
Keywords: early Universe — Galaxies: high-redshift — Methods: numerical — Stars: formation, Population
III
1. INTRODUCTION
Accurately modeling Population III star formation faces a
myriad of challenges. The inability to directly observe Popu-
lation III stars requires recourse to theoretical investigations,
and the intricacies of stellar formation and evolution make
a detailed analytic approach intractable. Population III stars
form in dark matter halos that are not large relative to the star
forming cloud, and properties of the pre-stellar cloud are re-
lated to the halo formation history (O’Shea & Norman 2007).
Given the importance of halo formation history, primordial
star formation must be studied in a cosmological context. Nu-
merical simulations have made great progress in our under-
standing of Population III stars, but finite computational re-
sources require a tradeoff between cosmological volume and
simulation resolution. Properly modeling Population III star
formation requires multiphysics simulations that have high
spatial and temporal resolution, and by necessity simulate a
crosbyb1@msu.edu
small number of halos in small cosmological volumes typi-
cally of a few hundred kpc on a side (e.g., Abel et al. (2002);
Bromm et al. (2002); O’Shea & Norman (2007); Turk et al.
(2009)). Studies of high redshift galaxy formation simulate
larger volumes, but are limited to resolving only a single halo
object (e.g., Ricotti et al. (2002b); Wise et al. (2012a,b)) and
are unable to resolve the intricacies of star formation. These
limitations, studying only small volumes and individual ob-
jects, provide very weak statistics on the nature of the Pop-
ulation III stellar population as a function of time and envi-
ronment, an understanding of which is critical to determining
the role of Population III stars in galaxy formation. Smoothed
particle hydrodynamics simulations have endeavored to con-
strain the Population III IMF, both with the use of sink parti-
cles (e.g., Stacy & Bromm (2012); Stacy et al. (2012); Clark
et al. (2011a,b)) and without (Greif et al. 2012), the latter em-
ploying a moving-mesh method. These works indicate that
the Population III initial mass function might be strongly de-
pendent on the nature of protostellar accretion and disk frag-
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mentation, processes which could potentially mitigate differ-
ences in the initial conditions of the pre-stellar cloud.
The statistical power of a simulation can be increased by
simulating many Population III star forming halos simultane-
ously in larger cosmological volumes, but these studies have
typically been limited to methods such as the extended Press-
Schechter formalism (Wise & Abel 2005) in conjunction with
a prescription for star formation (Trenti & Stiavelli 2009).
While these models are capable of investigating some of the
statistics of the population, they are unable to directly investi-
gate the nature of individual Population III stars. Advanced
codes such as MUSIC (Hahn & Abel 2011) and GRAFIC
(Bertschinger 2001) create initial conditions that can span a
huge dynamic range, allowing for simulations of cosmolog-
ical volumes that are still able to resolve, at a resolution ap-
propriate for multiphysics simulations, individual halos that
will host star primordial formation. It is computationally pro-
hibitive to simulate an entire cosmological volume of the de-
sired size that also has the appropriate resolution to study star
formation, presenting a new problem: which halos are likely
to form primordial stars? When a halo forms a star, later gen-
erations of star formation will be affected globally by the pho-
todissociating and ionizing radiation produced by the star dur-
ing its lifetime. Later generations of star formation will be af-
fected locally by metals produced by the star, which is likely
to cause an abrupt change in the star-forming properties of
the cloud (e.g., Bromm et al. (2001); Bromm & Loeb (2003);
Smith et al. (2009)). To study Population III stars with the
detail required to investigate the stellar initial mass function
(IMF) requires multiphysics simulations over a wide range of
redshift and environment. Halo merger history is crucial in
the development of star forming clouds (Bromm et al. 2002;
O’Shea & Norman 2007), as is the effect of photodissociating
radiation (O’Shea & Norman 2008; Machacek et al. 2001).
These factors must be treated in a self-consistent manner in
order to properly determine which halos will form Population
III stars.
This paper presents the first results from a model that seeks
to explore the bulk properties of primordial star-forming ha-
los over a large range of redshifts, and in much larger cos-
mological volumes than are typically used in simulations of
Population III star formation. In this model we account for
halo merger history, metal enrichment and the transition to
non-primordial star formation, and the effect of photodissoci-
ating radiation produced by all populations of stars. Previous
studies have typically ensured that the halos selected to host a
Population III star are chemically pristine and unaffected by
photodissociating radiation by choosing the first, most mas-
sive halo in the simulation (Abel et al. 2002; O’Shea & Nor-
man 2007), though these objects are inherently rare and not
necessarily representative of all Population III star forming
halos. The Population III IMF is poorly constrained theoreti-
cally, with estimates ranging from tens of solar masses (Mc-
Kee & Tan 2008; Stacy & Bromm 2007) to hundreds of solar
masses (Abel et al. 2002; O’Shea & Norman 2007; Tan & Mc-
Kee 2004). Observational constraints suggest that the mean
mass of primordial stars is on the order of tens of solar masses
(Tumlinson 2006), which is in agreement with some cosmo-
logical simulations of Population III star formation (e.g., Turk
et al. (2009)). The absence of any observed primordial stars
presents circumstantial evidence that sub-solar mass Popu-
lation III stars are very rare. It is unclear to what extent
the current theoretical predictions are a result of selection ef-
fects from cosmological simulations, and a more representa-
tive sample of primordial star-forming halos may provide us
with a more realistic range of predictions. This work presents
a semi-analytical model of structure formation that can be ap-
plied to an N-body simulation to determine which halos are
likely to be chemically pristine and capable of hosting a Pop-
ulation III star, given the previous history of the halo and the
global radiation background provided by stars forming else-
where in the simulation volume. Given the tools that were
used to generate the initial conditions for these simulations, it
will be straightforward to then resimulate individual halos of
interest at high resolution and with more physics, including
hydrodynamics, a full non-equilibrium primordial chemistry
network, radiative cooling, and the effect of photodissociating
background radiation.
In this paper, the first of a series, we describe in detail the
model we use and its behavior, and validate it using multiple
observational constraints. We use this model to investigate the
bulk behavior of primordial and metal-enriched stellar popu-
lations as a function of redshift, halo mass, and environment.
The organization of this paper is as follows: the cosmolog-
ical simulations used are discussed in §2, our semi-analytic
model is described in §3, and results are presented in §4 and
discussed in comparison to observations and other computa-
tional work and future work in §5. We summarize our findings
in §6.
2. SIMULATIONS
2.1. Enzo
The simulations used as a basis for our model were carried
out using the publicly available Enzo1 adaptive mesh refine-
ment + N-body code (Bryan & Norman 1997, 2000; Norman
& Bryan 1999; O’Shea et al. 2004, 2005). Four simulations
were run: two with a comoving box size of 3.5 h−1Mpc and
two with a comoving box size of 7.0 h−1Mpc. We used two
different simulation volumes and two random realizations per
chosen volume to give some idea of the impact of cosmic
variance as well as mass and spatial resolution on our results.
We use the WMAP 7 best-fit cosmological model (Komatsu
et al. 2011), with ΩΛ = 0.7274, ΩM = 0.2726, ΩB = 0.0456,
σ8 = 0.809, ns = 0.963, and h = 0.704 in units of 100 km
s−1Mpc−1, with the variables having their usual definitions.
All simulations are cubic and have 1024 grid cells per edge
and 10243 dark matter particles, giving cell dimensions of
6.8 h−1 comoving kpc on a side, a dark matter particle mass
of 2.86× 104 M, and a mean baryonic mass per cell of
5.74× 103 M for the 7.0 h−1Mpc boxes. The 3.5 h−1Mpc
boxes have cell dimensions of 3.4 h−1 comoving kpc on a
side, a dark matter particle mass of 3.57× 103 M, and a
mean baryonic mass per cell of 718 M.
The simulations were initialized at z = 99 using the MUSIC
cosmological initial conditions generator (Hahn & Abel 2011)
with a second-order Lagrangian perturbation theory method
and separate transfer functions for dark matter and baryons.
A second-order Lagrangian perturbation method is necessary
to obtain converged halo mass functions at such early times
and high redshifts as the start of Population III star formation.
Each of the sets of initial conditions were generated using a
different random seed. The simulations were run with Enzo’s
unigrid (non-adaptive mesh refinement) mode and with adia-
batic hydrodynamics from z = 99 to z = 10. Data is output at
integer redshifts until z = 14, at which point the elapsed time
1 http://enzo-project.org
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between integer redshifts would exceed the timescale for star
formation. After z = 14, data is output every 11 Myr. The sim-
ulation is stopped at z = 10 to prevent modes on the order of
the size of the simulation volume from entering the non-linear
regime.
2.2. Halo Finding and Merger Tree Creation
Halos for all data outputs in the simulations were identified
using the Friends-of-Friends (FOF) (Efstathiou et al. 1985)
halo finder implemented in the yt2 analysis toolkit (Turk et al.
2011b) with a linking length of 0.2 times the mean interpar-
ticle spacing. Once the halos were found at each redshift, it
was necessary to determine their merger history. Halos are
considered to have merged when particles from two or more
separately-identified halos from the previous data output are
present in a single halo at the current time. yt was used to cre-
ate a merger tree that traced the history of each halo based on
the halos that had previously merged together to form it. All
of the halos that merge together to form a halo between two
consecutive data outputs are considered to be "parent" halos,
with the resulting halo at the current data output denoted as
the "child" halo. A child halo can have an arbitrary number
of parents, and the possibility of halo fragmentation at later
times is also considered, allowing a parent halo to break into
multiple child halos. In addition to following the lineage of
halos, the percentage of the mass of a child halo that comes
from each parent is also tracked, allowing for the complete
accounting of dark matter mass in halos.
Figure 1 shows the cumulative halo dark matter mass func-
tions of all 4 simulations at z = 15 and z = 10, plotted along
with the analytic Warren mass function (Warren et al. 2006).
The halo mass function in the simulations began to deviate
from the analytic mass function below a dark matter mass
of 2× 106 M. The implementation of FOF that was used
only takes into account the spatial distribution of particles,
and will create a halo out of any group of 8 more particles that
are sufficiently spatially clustered, without regard for whether
or not those particles are gravitationally bound. The excess
of low mass halos indicates that FOF is finding spurious ob-
jects based on chance close groupings of particles, and that
these groups cannot be confidently classified as gravitation-
ally bound halos. Standard FOF halos finders are known to
have this behavior (Knebe et al. 2011). We are prevented from
using a more sophisticated halo finder by the nature of our
simulations: particle-mesh methods suppress halo potential
due the finite resolution of the simulation (Hockney & East-
wood 1988). The minimum dark matter halo mass capable of
hosting a Population III protostar is 1.5×105 M (O’Shea &
Norman 2007), which is below the minimum halo mass that
can be resolved in the 7.0 h−1Mpc boxes. In an effort to in-
clude as many applicable halos as possible in the 7.0 h−1Mpc
boxes, we use all halos identified by the halo finder, the small-
est of which are composed of 8 particles, corresponding to a
halo mass of 2.29×105 M. There is a possibility that some
of the smallest groups identified by the halo finder are chance
arrangements of particles that are not actually gravitationally
bound, but due to the potential importance of low mass halos
as locations of Population III star formation they are included
in the halo catalogs. A minimum halo mass of 1.0×105 M,
corresponding to 28 particles, is applied to the 3.5 h−1Mpc
boxes. This choice increases the confidence that the selected
2 http://yt-project.org
halos were bound objects and constrained the analysis to halos
that were in agreement with the low-mass end of the Warren
mass function (Warren et al. 2006). At high halo masses, the
mass functions for the simulations are suppressed due to the
finite size of the simulation volume. The 7.0 h−1Mpc boxes
somewhat underproduce low-mass halos at early times due
to the finite spatial resolution of the gravitational force; the
3.5 h−1Mpc boxes do the same, but at low redshift due to their
small volume. Overall, we are capturing the halo mass func-
tions within a factor of 2 of the analytic results in the mass
range and redshifts of interest, giving us confidence that the
foundation upon which our semi-analytic model rests is solid
and that our cosmological volumes of choice are reasonable.
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Figure 1. The cumulative halo dark matter mass function for all four simula-
tion volumes at z = 15 (dashed line) and z = 10 (solid line). Plotted in black is
the analytic prediction from the Warren mass function (Warren et al. 2006).
There is good agreement between the halo mass functions in the simulations
over the redshifts of interest in this project.
3. MODEL DESCRIPTION
3.1. Overview
The primary goal of our model is to determine the ability
of a halo to form primordial stars. To accomplish this, we
start at the highest redshift in a simulation where dark matter
halos are found, and then move forward in time, traversing
our merger trees to follow the metal enrichment history of
each halo over time, determining which halos are capable of
forming a Population III star and when that formation ought
to occur. If a halo can form a Population III star, we assume
that it does, and that the gas in that halo will in turn be en-
riched with metals. Moving forward in time, halos are deter-
mined to be either chemically pristine or chemically enriched.
A halo is considered chemically pristine if none of its previ-
ous generations have hosted a star, while a halo with one or
more parents that have hosted a star is considered to be chem-
ically enriched. Under the assumption of rapid mixing, any
chemically enriched halo is by definition incapable of form-
ing a Population III star, but can form chemically enriched
stars. The determination of chemically pristine and chemi-
cally enriched halos occurs at every simulation output, while
numerical integration forward in time between two consecu-
tive data outputs allows for more temporally-refined modeling
of star formation, feedback, and ejection of material from the
halos. The halo catalogs and masses are used to establish the
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boundary conditions for the numerical integration of chemi-
cally enriched star formation, as detailed in §3.3. This allows
for much higher temporal resolution of the development of
the stellar population, tracking of stellar ages, chemical en-
richment, and gas ejection from each halo.
A summary of the parameters of the model that were tested,
their fiducial values, and the ranges investigated is given in
Table 1.
3.2. Population III Star Formation
Population III stars are metal-free, and hence their forma-
tion hinges on a halo cooling via H2 to a temperature and
density at which its core is gravitationally unstable and col-
lapses (Abel et al. 2002; O’Shea & Norman 2007). The model
we adopted for Population III star formation is based on the
model of Trenti & Stiavelli (2009), and as in their work we
determine the minimum mass of a halo capable of forming a
Population III star by determining the mass that is required
in order to cool to its virial temperature via H2 cooling in the
local Hubble time in the absence of H2 photodissociating ra-
diation. Following Trenti & Stiavelli (2009), the cooling time
is calculated as
τcool =
3kBTvir
2Γ fH2
, (1)
where kB is Boltzmann’s constant, Tvir is the halo virial tem-
perature, Γ is the H2 cooling function, and fH2 is the ratio of
molecular to atomic hydrogen. We adopt the H2 cooling func-
tion of Galli & Palla (1998) as adapted by Trenti & Stiavelli
(2009) of
Γ' 10−31.6
(
T
100 K
)3.4( nH
10−4cm−3
)
erg s−1, (2)
where nH is the hydrogen number density. Since the cool-
ing time is long in a chemically pristine halo, the time lag
between gas reaching the virial density and star formation oc-
curring is very high, typically on the order of several tens of
million years (O’Shea & Norman 2007). To make the lag less
severe we assume that star formation occurs at a density that
is higher than the virial density. Reflecting this, our model as-
sumes that the hydrogen number density in a halo at the time
of collapse will be 10 times the virial density, rather than the
virial density itself, as used by Trenti & Stiavelli (2009). By
taking the temperature in equation (2) to be the virial temper-
ature, estimating nH as 10 times the virial density, substituting
these quantities into equation (1) and equating this to the local
Hubble time, the minimum H2 fraction required for the halo
to cool within the local Hubble time can be calculated. This
can in turn be equated to the maximum H2 fraction that can
form in a halo, as found by Tegmark et al. (1997),
fH2 ' 3.5×10−4
(
T
1000K
)1.52
, (3)
and upon taking the temperature in equation (3) to be the virial
temperature, the minimum halo mass capable of cooling via
H2 as a function of redshift can be determined. This process
yields a minimum halo mass of
Mmin,Hubble = 5.87×104
(
1+ z
31
)−2.074
M. (4)
The modification to the hydrogen number density in the halo
is the only departure from the work of Trenti & Stiavelli
(2009), and results in a reduction of the minimum halo mass
required to cool within a Hubble time by a factor of approx-
imately 2.6. This is more in agreement with recent simula-
tions (e.g., Wise et al. (2012b,a)) where star formation occurs
at lower masses than one would estimate using the values of
Trenti & Stiavelli (2009).
The presence of other stars will modify this limit with
the introduction of radiation capable of photodissociating H2.
This radiation must be accounted for to accurately determine
which halos are capable of forming a Population III star. Ra-
diation in the Lyman-Werner (LW) band (11.18 − 13.60 eV)
can photodissociate H2, suppressing cooling in a halo and
requiring a larger halo mass in order to collapse (Machacek
et al. 2001; O’Shea & Norman 2008). Lyman-Werner radia-
tion can similarly dissociate the HD molecule (Wolcott-Green
& Haiman 2011), but HD is the dominant coolant only below
a temperature of approximately 150 K, and cooling via H2 is
required to approach this regime. To enable the formation of
H2 and effective cooling of metal free gas, the H2 formation
timescale must be at least equal the H2 destruction timescale,
as set by the rate of photodissociation due to LW radiation.
The formation timescale can be written as a function of the
H2 fraction, and the dissociation timescale can be written as
a function of the proper LW flux. Equating these timescales,
solving for the H2 fraction, and using this to evaluate the halo
mass needed to cool in in the local Hubble time gives the min-
imum mass for a halo to cool efficiently via H2 in the presence
of a photodissociating background as
Mmin,LW = 1.91×106J0.45721
(
1+ z
31
)−2.186
M, (5)
where J21 is the proper LW flux. Equation 5 is the case in
which there is no H2 self-shielding in the halo. This limit
is modified for each halo to account for self-shielding, and
is addressed in §3.4. J21 is defined from the comoving LW
photon number density, nLW, in Mpc−3, as
J21 = 1.6×10−65nLW
(
1+ z
31
)3
erg s−1 cm−2 Hz−1 sr−1. (6)
The method for the determination of the LW flux is addressed
in §3.4. The minimum halo mass required for collapse and
Population III star formation at a given redshift and LW flux
will then be the maximum of equations (4) and (5),
Mmin = max
{
5.87×104 ( 1+z31 )−2.074 M
1.91×106J0.45721
( 1+z
31
)−2.186
M
. (7)
The reader is encouraged to see Trenti & Stiavelli (2009) for
details on the derivation of the minimum halo mass require-
ments.
When a chemically pristine halo with a mass sufficiently
large for Population III star formation is identified, our model
assumes that a star forms. The halo is given a mass of gas
equal to its dark matter mass multiplied by ΩB/ΩDM . This
halo is then tagged as being chemically enriched, and its child
halos are no longer capable of forming Population III stars at
later times.
Population III stars are assumed to end their lives as Type
II supernovae (SNII). This explosion can expel gas from the
halo and delay the start of chemically enriched star formation.
To account for this delay, after a Population III star forms, the
host halo is tagged with a delay time equal to the sum of the
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Table 1
Model parameters with their fiducial value, the range tested, and a brief description.
Model Parameters
Parameter Fiducial Value Range Description
ε 0.04 0.008-0.2 Star formation efficiency
f LWesc 1 0.01, 0.1, 1 LW photon escape fraction
IMF Salpeter Salpeter, Kroupa, Chabrier Chemically enriched stellar IMF
εSN 0.0015 0.0003-0.0075 SNe energy coupling
assumed Population III stellar lifetime and a delay time of
30 Myr. During this time no chemically enriched star forma-
tion can occur in this halo if the halo either does not grow in
mass or grows only by merging with other chemically pristine
halos. If the halo merges with a halo that is already hosting
chemically enriched star formation, star formation in the com-
bined halo is not stopped.
3.3. Chemically Enriched Star Formation
Halos containing particles that have previously been in a
halo that formed stars are considered to be chemically en-
riched, and their star formation is treated differently than
the chemically pristine halos that form Population III stars.
Chemically enriched halos inherit gas from the halos that
merge to form them, with the difference between the sum of
the mass of the merging halos and the current total halo mass
treated as accreted pristine material, contributing a mass of
gas in the same manner as gas is added to a pristine halo.
Star formation in chemically enriched halos is assumed to be
continuous and a function of the mass of gas available in the
halo. The rate of growth of stellar mass in a halo is taken to
be a function of the mass of gas in that halo (Lada et al. 2010)
and is modeled as
dM?
dt
=
ε
τ
Mgas(t), (8)
where ε is the dimensionless star formation efficiency and τ is
the characteristic star formation time, taken here to be 108 yr.
The quotient ε/τ with the fiducial star formation efficiency
of this work, ε = 0.04, is similar to the galactic gas deple-
tion time of a few Gyr (Bigiel et al. 2011). Equation (8) is
integrated forward in time across simulation outputs using a
fourth order Runge Kutta method. The integration timestep is
one percent of the elapsed time between the current and sub-
sequent data outputs, so each data output is traversed in 100
integration steps, with results being insensitive to the precise
choice of timestep size. At every integration time step, stars
are formed and the gas reservoir in the halo is decremented
by the same amount as the mass of stars created. Tracking the
star formation in enriched halos is achieved by following the
total stellar mass formed rather than individual stars, as this
removes assumptions about the initial mass function (IMF)
from the star formation process (though the chemical feed-
back depends on on the IMF; see §3.4 and 3.5). The chemical
feedback from the stellar population in a halo back to the halo
gas is a function of the age of the stellar population. Stars are
created at every integration time step, so utilizing this age-
dependent feedback model requires that the age distribution
of the stellar population in each halo is tracked. The entire
stellar population is followed across 100 age bins at each data
output, with the bins equally spaced from the time that the
first star in the simulation formed to the time of the next data
output. The time of the next output corresponds to the end
boundary condition of the time integration of equation (8) in
the current data output. At each integration timestep, the stel-
lar mass in each age bin returns material to the interstellar
medium (ISM) equal to the product of the stellar mass in that
age bin, the integration timestep, and the mass of gas and met-
als that are ejected per solar mass of stars per year from the
tabulated values that correspond to that stellar age and metal-
licity. As equation (8) is integrated forward in time, the mass
in the stellar age bins are advanced forward to accurately re-
flect the age distribution at any given time. When the model
advances to a new data output, the chemical, gas, and stellar
content, complete with age distribution of each parent halo’s
stellar population is inherited by the child halo in proportion
with the fraction of the parent halo mass that was passed to the
child halo. At this point the stellar age bins are reconstructed
to reflect the new, longer, timespan imposed by the end time
of the new dataset, and the stellar population is remapped to
these new age bins. This decreases the time resolution of the
population ages, but maintains the character of the distribu-
tion, and is done to mitigate computational memory usage.
In practice, the largest age bin in the model spans 3.72 Myr,
which is larger than only the smallest stellar age bin in the
tabulated data of material returned to the ISM by the stellar
population, resulting in the temporal resolution of the feed-
back model being primarily limited to the temporal resolution
of the available stellar feedback data. A full description of the
chemical evolution model and the results from it are presented
in Paper II.
3.4. Lyman Werner Flux Determination
Determining the number density of Lyman-Werner (LW)
photons produced by the stars in the simulation requires de-
termining the star formation rate (SFR) for both Population
III and chemically enriched stars. The Population III SFR is
determined by multiplying the number of chemically pristine
halos massive enough to host a Population III star by a user-
determined characteristic Population III stellar mass and di-
viding by the simulation volume and output time step. This is
further multiplied by a factor representing the Population III
stellar multiplicity in each halo, giving the total mass of Pop-
ulation III stars formed per year per comoving Mpc3 during
the time spanned by this simulation output. The characteris-
tic Population III mass is taken in this work to have a fiducial
value of 30 M (Tumlinson 2006). The multiplicity factor
is a user-defined parameter that was set to a fiducial value of
1.2, drawing inspiration from the findings of Turk et al. (2009)
which observe fragmentation of the pre-stellar cloud, suggest-
ing the possibility of the formation of Population III binary
star systems. A recent constraint on the Population III binary
fraction of 36% is reported by Stacy & Bromm (2012). This
value was not used in our model, but changes to the multiplic-
ity factor will modify the Population III SFR as a direct mul-
tiplicative factor, and does very little to change the total SFR
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as chemically enriched star formation generally dominates the
Population III SFR by several orders of magnitude, as shown
in §4. Similarly, the LW flux is dominated by chemically en-
riched stars, and the minimum halo mass for Population III
star formation does not change significantly with changes to
the assumed Population III multiplicity. The Population III
SFR is then used to determine the density of LW photons by
multiplying by an estimated Population III stellar lifetime of
2.5 Myr (Schaerer 2003) and the rate of LW photon produc-
tion per solar mass per year by a metal free star from Schaerer
(2003).
Determining the number density of LW photons from
chemically enriched stars follows a similar process. The total
stellar mass in all chemically enriched halos is summed and
multiplied by the rate of LW photon production per solar mass
per year by a chemically enriched, continuously star forming
population from Schaerer (2003), which assumes a Salpeter
initial mass function. We do not modify this value for differ-
ent initial mass functions.
The LW photon production rates for both Population III and
chemically enriched stars is modified by multiplying by the
LW photon escape fraction, f LWesc , to approximate the effects
of absorption within the halo in which they originate. This is
a user-defined parameter with a fiducial value of 1 and other
explored values of 0.01 and 0.1 and is independent of halo
mass. These values were adopted following Kitayama et al.
(2004), who investigate the LW photon escape fraction as a
function of stellar mass, halo mass, and redshift (among other
things) for an individual star in a halo, finding that the LW
escape fraction decreases with increasing halo mass and de-
creasing stellar mass. This is obviously not equivalent to the
scenario of chemically enriched star formation in our model,
but can be used as a guiding approximation by taking the total
mass of stars in a halo to be akin to the individual stellar mass
of Kitayama et al. (2004). The ratio of stellar mass to halo
mass in our model exceeds the corresponding ratio required
for an escape fraction of 0.01 in Kitayama et al. (2004), for
the most stringent case of a 500 M star, in more than 98
percent of halos at z = 10. More than 97 percent of halos in
our model meet the criteria for a LW escape fraction of 0.1,
and 88 percent meet the criteria for a LW escape fraction of
1. While our comparison to Kitayama et al. (2004) makes nu-
merous simplifying assumptions, it suggests that the effective
LW escape fraction in our model is almost certainly greater
than 0.01, and is very likely greater than 0.1.
The total LW photon density is taken as the sum of the LW
densities from Population III and chemically enriched sources
that have not been redshifted out of the LW band. Using the
middle of the LW band as an average, photons produced at
redshift zp will be redshifted out of this band at a redshift
zexit = (zp +1)
(
11.18
12.39
)
−1 (9)
and will no longer able to dissociate H2. For example, LW
photons produced at z = 20 will be redshifted out of the LW
band at z = 17.9. Once the cumulative LW photon density
has been determined, the LW flux, J21, can be computed as
described in §3.2. This is done based on the stellar content
in the simulation at a given time, and is done as the model
progresses through the merger tree. Self-shielding of H2 to
LW radiation can in principle have a significant impact on the
ability of the halo to cool (Wolcott-Green et al. 2011). H2 self-
shielding reduces the effective LW flux in a given halo, which
in turn reduces the minimum halo mass necessary for Popula-
tion III star formation in the presence of a photodissociating
background. A prescription for H2 self-shielding following
Wolcott-Green et al. (2011) is implemented to determine the
shielding factor fsh by which J21 is reduced. The shielding
factor is calculated as
fsh
(
NH2 ,b
)
=
0.956(
1+ x/b5
)α + 0.035
(1+ x)0.5
exp
[
−8.5×10−4 (1+ x)0.5] ,
(10)
where x is the scaled H2 column density, x = NH2/5 ×
1014 cm−2, b is the scaled Doppler broadening parameter,
b5 = b/105 cm s−1, and the parameter α takes a value of 1.1.
The effective J21, defined as J21,eff = fshJ21, is used in Equa-
tion 5 to determine whether that halo is sufficiently massive
to form a Population III star.
3.5. Halo Gas Ejection
The chemical evolution and feedback from pristine and
chemically enriched halos are treated separately. Population
III stars are taken to eject a fixed mass of metals to the inter-
stellar medium (ISM) at their death, set by yields of Type II
supernova (SNII) calculations (Heger & Woosley 2002). Gas
and metals are also ejected from the halo to the intergalac-
tic medium (IGM) following a method similar to Tumlinson
(2010), which compares the kinetic energy of the supernova
driven wind in the halo to the escape velocity of the halo at the
virial radius. The gas mass ejected due to supernova-driven
winds is calculated as
Mlost = 3.9×108
(
NSNεSNE51rvir
GMvir
)
M , (11)
where NSN is the number of supernovae that occurred in the
current integration timestep, εSN is the efficiency with which
supernova energy is converted to the kinetic energy of the
wind, E51 is the supernova energy in units of 1051 erg, rvir
is the virial radius in units of proper Mpc, G is the gravita-
tional constant in CGS units, and Mvir is the virial mass in
solar masses.
NSN is determined as the multiplicity factor multiplied by
the number of Population III stars in a halo (always taken to be
one in this work) for chemically pristine halos, and in chemi-
cally enriched halos it is found from tabulated supernova rates
given the age of a stellar population and the adopted stellar
initial mass function. E51 and εSN are user-defined parameters
that can be varied. εSN is given a fiducial value of 0.0015, fol-
lowing Tumlinson (2010), which assumes that 5% of the total
supernova energy is kinetic, and that of this 3% is transferred
to the ejected material. Changes to εSN have a negligible im-
pact on the star formation rate (SFR) density, as the amount of
gas ejected from a halo is very small compared to the reservoir
of gas available for star formation in that halo. The change in
the total amount of gas in a halo that arises from variation
of εSN is in turn negligibly small, though it has a significant
impact on the chemical evolution of the halo, as discussed in
Paper II.
Yields as a function of stellar age were convolved with an
integrated initial mass function (IMF) to create a table of the
total ejected gas mass (Peruta et al. 2013, submitted) in units
of solar masses of metals per year per solar mass of stars.
Tables in this form were created for Salpeter, Chabrier, and
Kroupa IMFs, at various metallicities, and separately for the
Type Ia supernovae (SNIa) (Iwamoto et al. 1999; Kobayashi
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& Nomoto 2009) and the combined ejecta of SNII and asymp-
totic giant branch (AGB) stars (Karakas 2010; Nomoto et al.
2006). Two sets of these tables were created, one for stars
at and above solar metallicity, and one for stars below solar
metallicity. This process was repeated for each of the chemi-
cal species that is tracked. While changes to the IMF primar-
ily impact the chemical evolution of the stellar populations, it
influences the bulk star formation properties by changing the
amount of gas returned to the ISM that is available for star
formation. The three IMFs have functional forms
dN
dm
= ΦSalpeter = 0.154m−2.35 (12)
ΦKroupa =
0.56m
−1.3 m≤ 0.5M
0.3m−2.2 0.5M < m≤ 1M
0.3m−2.7 m> 1M
(13)
ΦChabrier =
{
0.799e−(logm/mc)
2/2σ2 m≤ 1M
0.223m−1.3 m> 1M
(14)
(15)
where in the Chabrier IMF mc is the characteristic mass
and takes a value of 0.079M and the dispersion σ = 0.69
(Salpeter 1955; Kroupa 2002; Chabrier 2003). The IMFs
were considered over a range of masses from 0.08M to
260M, and are shown in Figure 2. As equation (8) is in-
tegrated forward in time for each halo, the stellar mass in
each stellar age bin is multiplied by the integration time step
and the normalized yield corresponding to the metallicity and
age of the stellar population to determine the mass of metals
ejected to the ISM via SNII and AGB stars. The total mass
ejected from a given stellar age bin is removed from the mass
of stars in that bin and returned to the ISM.
10−1 100 101 102
M (M¯)
10−8
10−7
10−6
10−5
10−4
10−3
10−2
10−1
100
101
102
d
N
/d
M
Salpeter
Kroupa
Chabrier
Figure 2. The three IMFs considered in this work are Salpeter (violet, solid
line), Kroupa (blue, dashed line), and Chabrier (red, dot-dashed line), over
a mass range of 0.08M to 260M. The integrated area under each of the
curves is the same. The Salpeter IMF emphasizes low mass stars, the Kroupa
IMF emphasizes intermediate mass stars, and the Chabrier IMF is by the far
the most top-heavy of the three, emphasizing high mass stars.
Tables similar those giving the chemical yields and gas
mass ejected from stars were created giving the rate of SNIa,
in units of number of SNIa per year per solar mass of stars,
and are used to calculate the total number of SNIa expected to
occur in the stellar population of a given halo in an integration
time step. This is used with the mass of ejecta from SNIa and
equation (11) to determine the mass of gas ejected to the IGM
from the halo as a result of SNIa explosions. The interested
reader is directed to Peruta et al. (2013; submitted) for more
information.
The gas ejection model of equation (11) would potentially
allow for all of the gas to be ejected from a halo following the
death of a Population III star. The model has the capability
to treat these halos as chemically pristine, as they do not have
any metals in the ISM, and to allow them to merge with other
pristine halos and form Population III stars. In practice this
almost never happens, and any halo that forms stars retains
some chemically enriched material, rendering it incapable of
forming a Population III star.
4. RESULTS
4.1. Overview
This project endeavors to develop a semi-analytic model
that can be used in conjunction with a cosmological simu-
lation to create a catalog of halos capable of forming Pop-
ulation III stars. The halos in this catalog extend beyond
the first, most massive object in the simulation to encompass
chemically pristine halos across a wide range of redshifts and
environments while self-consistently accounting for the halo
merger history and the photodissociating radiation produced
by the stars in the simulation. In this paper the initial mass
function (IMF) of chemically enriched stars was varied be-
tween three commonly used IMFs: Salpeter, Kroupa, and
Chabrier. An additional free parameter that is varied is the
star formation efficiency, ε, which adopts a fiducial value of
0.04, following Wise & Abel (2005). The star formation ef-
ficiency is varied from this fiducial value by a factor of 5 in
both directions, investigating values similar to those explored
by Trenti & Stiavelli (2009). This range also encompasses
the equivalent star formation efficiency of 0.01 adopted as the
fiducial value by Tumlinson (2010). The Lyman-Werner pho-
ton escape fraction, f LWesc , was varied from its fiducial value of
1 to 0.1 and 0.01.
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Figure 3. The star formation rate (SFR) densities for all four simulations for
our fiducial choice of parameters. The thick, solid line shows the total SFR
density, the dashed line is the chemically enriched SFR density, and the thin,
solid line is the Population III SFR density. An extrapolated observational
upper limit from Bouwens et al. (2011) is shown in orange. All four simula-
tions show very good agreement despite testing two different volumes and all
being created from initial conditions generated with different random seeds.
To assess the validity of this model, comparison is made
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between the predicted star formation rate (SFR) density and
observational limits. The SFR density is primarily sensitive
to the star formation efficiency, ε. Figure 3 shows the co-
moving SFR densities of all four of the simulations in units
of Myr−1Mpc−3. All of the simulations show very similar
total, Population III, and chemically enriched SFR densities.
All simulations show the same qualitative behavior, and the
variations in the onset of star formation and the spread in SFR
densities at z = 10 are all within a range that would be ex-
pected from variations due to differing large scale structure
(i.e., cosmic variance) in different simulations. In particular,
at late times all halos converge to very similar values as the
total number of halos increases and stochasticity, as a result,
decreases. This convergence lends support to the notion that
our simulation volumes are all effectively statistically equiva-
lent to each other. As a result, and for clarity, for the remain-
der of this paper all discussion and the content of all plots will
be limited to one 7.0 h−1Mpc box (labeled 7.0 h−1Mpc v1)
unless otherwise noted, as in §4.4. Using this simulation, the
model produces a catalog of more than 40,000 halos that are
capable of forming a Population III star. These halos span a
redshift range from z = 30 to z = 10, and range in mass from
2.3×105 M to 1.2×1010 M.
4.2. Star Formation Rates
The star formation rate (SFR) density, defined as the SFR
per comoving Mpc3, was tracked individually for the Popula-
tion III and chemically enriched stellar populations. The SFR
density was sensitive primarily to the star formation efficiency
for metal-enriched stars in equation (8), with larger values of
the efficiency increasing the chemically enriched SFR den-
sity, and in turn driving up the total SFR density. The SFR
density for several different sets of parameters is shown in
Figure 4. While chemically enriched stars dominate the star
formation at essentially all redshifts, Population III stars con-
tinue to form throughout the duration of the simulation, at
roughly constant but vastly subdominant levels. The transi-
tion from the total SFR density being dominated by Popula-
tion III stars to being dominated by chemically enriched stars
happens very rapidly, in less than 10 million years after the
first stars in the simulation form. By z = 10, the Population III
SFR density is 3-5 orders of magnitude lower than the chem-
ically enriched SFR density. The total SFR density at z = 10
ranges from 6.4×10−3 Myr−1Mpc−3, using a star formation
efficiency of 8× 10−3, to 2.1× 10−1 Myr−1Mpc−3 using a
star formation efficiency of 0.2. The same star formation effi-
ciencies yield Population III SFR densities of 5.2× 10−5 and
1.2×10−6 Myr−1Mpc−3, respectively. Increasing the chem-
ically enriched star formation efficiency suppresses Popula-
tion III star formation by increasing the Lyman-Werner flux,
driving up the minimum halo mass for Population III star
formation. Including feedback from the stellar population
impacts the chemically enriched SFR density in two ways.
Gas returned to the interstellar medium (ISM) from stars in-
creases the reservoir of gas available for star formation, but
gas ejected from the halo to the intergalactic medium by su-
pernovae reduces the available gas. The net change in the gas
content of the ISM as a result of these two effects will deter-
mine whether stellar feedback increases or decreases the SFR
density at any given integration timestep. The initial mass
function (IMF) has no significant impact on the SFR density
for Population III or chemically enriched stars. The LW pho-
ton production is determined based on the total mass of stars
that are formed, and is agnostic of the distribution of stellar
masses. The slight variations that between the SFR density
with different IMFs arise from the differences in the mass of
gas returned to the halo that is available for star formation and
differences in the amount that is ejected from the halo via su-
pernovae, both of which are very small when compared to the
total reservoir of gas available for star formation in a given
halo. Decreasing the LW photon escape fraction increases the
Population III SFR density at late times by suppressing the
photodissociating background radiation, decreasing the mass
threshold for Population III star formation in a halo. The Pop-
ulation III star formation mass threshold depends on on the
proper LW flux as Mthreshold ∼ J0.45721 , so the magnitude of the
increase in the Population III SFR density closely follows the
changes in the LW flux, as would be expected from a col-
lection of chemically pristine halos with masses below the
Population III star formation mass threshold. The reduction
in the chemically enriched SFR density that accompanies the
increased LW photon escape fraction originates from the de-
crease in number of halos that are capable of forming Pop-
ulation III stars. By not forming stars these halos are not
chemically enriched, and are unable to become sites of future
chemically enriched star formation.
Panel A of Figure 5 shows the ranges spanned by the Pop-
ulation III and chemically enriched SFR densities for all pos-
sible combinations of model parameters, along with the mean
values and 68 percent confidence intervals. The star formation
efficiency is the parameter which creates the most variation in
the chemically enriched SFR density. There is no combina-
tion of parameters that can change the chemically enriched
SFR density as greatly as the star formation efficiency, result-
ing in three distinct groupings in the SFR density correspond-
ing to the three values of the star formation efficiency. This is
turn drives the confidence interval to encompass the majority
of the range spanned by the maximum and minimum chemi-
cally enriched SFR densities. The Population III SFR density
is significantly effected by all parameters with the exception
of the supernova efficiency, resulting in a confidence interval
that is much smaller than the maximum and minimum SFR
densities at a given redshift. Panel B of Figure 5 shows the ra-
tio of the chemically enriched SFR density to the Population
III SFR density as a function of redshift. The chemically en-
riched SFR density rapidly surpasses the Population III SFR
density. By z = 10 the chemically enriched SFR density is a
minimum of 1.9× 103 times greater than the Population III
SFR density, and is an average of 4.1×105 times greater than
the Population III SFR density.
4.3. Population III Star Formation Halo Mass Limit
The impact of the photodissociating radiation produced by
the stars in the simulation on the minimum halo mass re-
quired for Population III stars formation is shown in Figure
6. Panel A of Figure 6 shows the proper LW flux, and Panel
B plots equation (4), giving the minimum halo mass required
for Population III star formation in the absence of photodis-
sociating radiation, along with equation (7), which gives the
minimum halo mass for Population III star formation when
the photodissociating radiation produced by the stars in the
simulation is accounted for. At roughly z = 25, the threshold
mass accounting for the photodissociating radiation diverges
from the threshold determined while neglecting the photodis-
sociating radiation, as chemically enriched star formation be-
gins to dominate the total star formation rate (SFR) density.
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Figure 4. The star formation rate (SFR) density in Myr−1Mpc−3 as a function of redshift for variations in IMF, star formation efficiency, and Lyman-Werner
(LW) photon escape fraction. Panel A shows the effect of varying the IMF, Panel B shows the effect of varying the star formation efficiency, and Panel C shows
the effect of varying the LW photon escape fraction. In all panels, the Population III SFR density is plotted in thin, solid lines, the chemically enriched SFR
density is plotted in dashed lines, and the total SFR density is plotted in thick, solid lines. An extrapolated observational upper limit from Bouwens et al. (2011)
is shown in orange. In Panel A, the total and component SFR densities for the three IMFs are nearly indistinguishable. Panel B shows the SFR density using a
Salpeter IMF and varying the star formation efficiency. Increasing the star formation efficiency increases the difference between the Population III and chemically
enriched SFR densities, driving Population III star formation down and chemically enriched star formation up. In Panel C, changes to the LW photon escape
fraction have a small effect on the chemically enriched SFR density, and decreasing the escape fraction increases the Population III SFR density at late times. In
all cases, chemically enriched star formation rapidly dominates Population III star formation by several orders of magnitude, but Population III star formation
continues at very low levels for the entirety of the simulation.
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Figure 5. Panel A shows the variation in star formation rate (SFR) density in Myr−1Mpc−3 as a function of redshift for all combinations of parameters in our
model. The mean Population III SFR density is plotted as a black solid line, and the average chemically enriched SFR density is plotted as a black dashed line.
The maximum range spanned by the Population III and chemically enriched SFR densities are shown by the light red and light blue shaded regions, respectively.
The dark shaded regions show the 68 percent confidence intervals around the mean. An extrapolated observational upper limit from Bouwens et al. (2011) is
shown in orange. Panel B shows the ratio of the chemically enriched SFR density to the Population III SFR density as a function of redshift for all parameter
combinations, with the black line showing the average value and the shaded regions having the same meaning as in Panel A. To aid in interpretation, dashed lines
are shown at levels corresponding to chemically enriched to Population III star formation rate ratios of 1 and 1000.
By the end of the simulation, at z = 10, the threshold halo
mass for Population III star formation has increased by two
orders of magnitude due to photodissociating radiation from
the stars in the simulation, drastically changing the member-
ship and evolution of the set of halos capable of forming a
Population III star throughout the simulation. For reference,
approximating the threshold masses at the beginning and end
of the simulation shows that at z = 25, a halo of mass 105 M
has a virial temperature of approximately 260 K, and at z = 10
a halo of mass 107.5 M will have a virial temperature of ap-
proximately 5190 K.
Figures 4 and 6 illustrate the relationship between the SFR
density, the minimum halo mass for Population III star forma-
tion, and the H2-photodissociating Lyman Werner (LW) flux.
The LW flux depends entirely on the stellar mass in the sim-
ulation volume and reflects the integrated SFR density. The
minimum halo mass for Population III formation is a function
of redshift and the LW flux, and as more H2 is photodissoci-
ated, increasingly larger halos are required in order to form
Population III stars. This in turn drives down the Population
III SFR density but does not hinder chemically enriched star
formation where, due to their metal content, despite the LW
flux halos can still cool efficiently and form stars as H2 is no
longer the primary coolant. Increasing the star formation ef-
ficiency will therefore increase the chemically enriched SFR
density, which increases the LW flux, driving up the minimum
halo mass for Population III formation, and in turn driving the
Population III SFR density down. Increasing the star forma-
tion efficiency not only increases the minimum halo mass for
Population III star formation, but also changes the environ-
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Figure 6. The Panel A shows the proper Lyman-Werner flux (J21) and Panel B shows the minimum mass threshold for Population III star formation as a function
of redshift, plotted for the three initial mass functions (IMF) with a star formation efficiency of 0.04 as well as for a Salpeter IMF with star formation efficiencies
of 0.008 and 0.2. The Salpeter, Kroupa, and Chabrier IMFs are indistinguishable in this plot. For comparison, in Panel B the mass threshold without accounting
for radiative feedback is shown in black, and is much lower, particularly once chemically enriched star formation become the dominant component of the stellar
mass in the simulation. The minimum halo mass for Population III star formation is dependent on J21, and as a result Panel A closely mirrors the behavior of
Panel B. Simultaneously, J21 is dependent on the stellar mass in the simulation, and will reflect the trends of the total star formation rate density in Figure 4.
ment of these halos as times goes by, as will be described in
§4.5. This cycle is responsible for the divergence of the Pop-
ulation III and chemically enriched SFR densities as the star
formation efficiency is increased.
4.4. 3.5 h−1Mpc Box Star Formation Rates
The 3.5 h−1Mpc simulations provide an opportunity to in-
vestigate the impact of low mass halos on the star forma-
tion rate (SFR) density. These simulations have 8 times bet-
ter mass resolution than the 7.0 h−1Mpc simulations, and the
smallest halo objects identified by the Friends-of-Friends (Ef-
stathiou et al. 1985) halo finder have a minimum mass of
2.86× 104 M, significantly below the minimum halo mass
of 1.5× 105 M (O’Shea & Norman 2007) required to host
Population III star formation.
Figure 7 shows variations from the canonical model, with
different IMFs in panel A, different star formation efficien-
cies in panel B, and different values of f LWesc in panel C. The
results in Figure 7 are very similar to those shown for the
7.0 h−1Mpc simulation in Figure 4. In Panel A, the total and
component SFR densities for the three IMFs are nearly indis-
tinguishable. Panel B shows the SFR density using a Salpeter
IMF and varying the star formation efficiency. Increasing the
star formation efficiency increases the difference between the
Population III and chemically enriched SFR densities, driving
Population III star formation down and chemically enriched
star formation up. Panel C shows the most pronounced differ-
ence: the dependence on f LWesc of the chemically enriched SFR
density, where higher values of f LWesc lead to lower chemically
enriched SFR densities. Increasing f LWesc increases J21, raising
minimum halo mass for Population III star formation. When
J21 is sufficiently high it will prevent Population III star for-
mation in halos that would have been sufficiently massive to
host star formation had the photodissociating radiation been
less, as can be seen in the downturns in the Population III SFR
densities between z = 22 and z = 14. This downturn occurs at
higher redshift with greater f LWesc . When this happens, fewer
halos form Population III stars and become enriched, in turn
providing fewer sites for chemically enriched star formation.
This can be seen in panel C of Figure 4 in the divergences in
the Population III SFR densities at z = 22 and z = 18. In each
case, following the drop in the Population III SFR density the
chemically enriched SFR density decreases in comparison the
models with lower values of f LWesc as there are now fewer halos
capable of hosting chemically enriched star formation.
Comparing the SFR densities found in the 3.5 h−1Mpc box
to those found in the 7.0 h−1Mpc box shows good agreement,
with the Population III SFR density using our fiducial pa-
rameters at z = 10 differing by only 37%, and the chemically
enriched SFR density differing by 9.4%. The mean Popu-
lation III SFR density at z = 10 in the 3.5 h−1Mpc box is
2.9×10−5 Myr−1Mpc−3, and the mean chemically enriched
SFR density is 9.4× 10−2 Myr−1Mpc−3. The most extreme
sets of model parameters produce a minimum Population III
SFR density of 2.7× 10−6 Myr−1Mpc−3, and a maximum
of 1.1× 10−4 Myr−1Mpc−3. The chemically enriched SFR
density spans from a minimum of 1.0× 10−2 Myr−1Mpc−3
to a maximum of 0.36 Myr−1Mpc−3. The evolution of the
Population III and chemically enriched SFR densities is also
similar to that in the larger simulation volume, with the chem-
ically enriched SFR density increasing rapidly once star for-
mation in chemically enriched halos begins. The chemically
enriched SFR density surpasses the Population III SFR den-
sity by z = 27. Figure 8 is identical in format to Figure 5,
but shows the SFR densities for the 3.5 h−1Mpc box. The
thick black and dashed lines are the average Population III
and chemically enriched SFR densities, respectively, while
the dark shaded regions shows the 68% confidence intervals
the and the light shaded show the extent of the maximum and
minimum values for all models. The similarities in qualita-
tive behavior and SFR densities between the 3.5 h−1Mpc box
and 7.0 h−1Mpc box suggest that the 7.0 h−1Mpc box is cap-
turing the star formation behavior well and that the classifica-
tion as halos of objects that are significantly below the mini-
mum halo mass for Population III star formation does little to
change the overall character of star formation in this model.
The merging of chemically pristine low mass halos to form a
halo sufficiently massive to host Population III star formation
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Figure 7. The star formation rate (SFR) density in Myr−1Mpc−3 as a function of redshift for variations in IMF, star formation efficiency, and Lyman-Werner
(LW) photon escape fraction. Panel A shows the effect of varying the IMF, Panel B shows the effect of varying the star formation efficiency, and Panel C shows
the effect of varying the LW photon escape fraction. In all panels, the Population III SFR density is plotted in thin, solid lines, the chemically enriched SFR
density is plotted in dashed lines, and the total SFR density is plotted in thick, solid lines. An extrapolated observational upper limit from Bouwens et al. (2011) is
shown in orange. In all cases, chemically enriched star formation rapidly dominates Population III star formation by several orders of magnitude, but Population
III star formation continues at low levels for the entirety of the simulation.
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Figure 8. Same as Figure 5, though applied to a 3.5 h−1Mpc box. Panel A shows the variation in SFR density in Myr−1Mpc−3 as a function of redshift for all
combinations of parameters in our model. The mean Population III SFR density is plotted as a black solid line, and the average chemically enriched SFR density
is plotted as a black dashed line. The maximum range spanned by the Population III and chemically enriched SFR densities are shown by the light red and blue
shaded regions, respectively. The dark shaded regions show the 68 percent confidence intervals around the mean. An extrapolated observational upper limit from
Bouwens et al. (2011) is shown in orange. Panel B shows the ratio of the chemically enriched SFR density to the Population III SFR density as a function of
redshift for all parameter combinations, with the black line showing the average value and the shaded regions having the same meaning as in Panel A. To ease
viewing, dashed lines are shown at 1 and 1000.
is indistinguishable from the formation of the same halo from
particles that were not previously considered to be members
of a halo. The merging of a low mass, chemically pristine halo
with a chemically enriched halo that is already forming stars is
indistinguishable from the chemically enriched halo accreting
that same amount of unbound pristine material. The classifi-
cation of low mass groups of pristine material as a halo has
a negligible impact on the nature of star formation once the
mass threshold for Population III star formation has exceeded
the halo mass resolution, which happens relatively rapidly.
4.5. Halo Environment
One of the goals of this study is to determine if there was
a difference in the local environment of chemically enriched
halos and those halos that are chemically pristine and suffi-
ciently massive to form a Population III star. The distance
to the nearest halo is a proxy for the local overdensity and
thus environment. While there are many ways to quantify
local overdensity, such as the overall mass overdensity inte-
grated out to some comoving radius, or to some multiple of
the virial radius, the distance to the nearest neighboring halo
is the most clearly defined, and thus the clearest metric. Fig-
ure 9 shows the distance to the nearest neighboring halo for
our fiducial model for Population III and chemically enriched
halos at z = 18, 14, and 10. At earlier times the distribu-
tion of distances to the nearest neighbors is nearly identical
for the Population III and chemically enriched halos, suggest-
ing that these halos form in environments that are compara-
bly dense. As time progresses the chemically enriched halos
become much more concentrated (i.e., chemically enriched
star formation occurs in progressively denser environments),
with nearly no halos more than 10 comoving h−1kpc from
their nearest neighbor. While the chemically enriched distri-
bution becomes more peaked, the Population III distribution
becomes broader, suggesting that Population III stars form in
halos that are in progressively less dense environments. This
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reflects the intuitive expectation that a reservoir of pristine gas
large enough to form a Population III star is more likely to as-
semble and exist in a region that is further away from chem-
ically enriched halos, as even a single merger with a chemi-
cally enriched halo will render it incapable of forming a Pop-
ulation III star. That both distributions have lower maximum
distances to the nearest neighboring halo reflects the general
growth of cosmic structure and the tendency for objects to be
more clustered at lower redshifts.
The chemical enrichment of the environment of Population
III star forming halos can be quantified by comparing the dis-
tances from a Population III star forming halo to the nearest
chemically pristine halo of any mass (including those below
the threshold mass for Population III star formation) and the
distance from a Population III star forming halo to the near-
est chemically enriched halo. Figure 10 shows that halos that
form Population III stars are generally much closer to other
pristine halos than they are to chemically enriched halos. This
agrees with the indications from Figure 9 that Population III
halos will tend to form in low-density regions that are not yet
polluted due to the lack of previous star formation in the area,
as opposed to high-density regions that typically host chemi-
cally enriched star formation. The assembly of a halo massive
enough to form a Population III star in such an environment is
typically made possible by the presence and subsequent rapid
merger of several smaller, chemically pristine halos that are
separately below the threshold for primordial star formation.
To further understand the environment in which Popula-
tion III stars form, Figure 11 shows the distance from ha-
los massive enough to form a Population III to the nearest
other halo that is also massive enough to host Population III
star formation, and separately to the nearest chemically en-
riched halo of any mass. This shows that Population III stars
tend to form in halos that are isolated from one another, as
they are almost always more likely to be nearer to a chem-
ically enriched halo than they are to another Population III
star forming halo. Figures 10 and 11, taken together, indicate
that a Population III star forming halo is most likely to form
in a region of many small, chemically pristine halos that are
below the mass threshold for Population III star formation.
These low mass chemically pristine halos merge until a halo
sufficiently massive to host a Population III star has assem-
bled. The resulting halo that has surpassed the mass threshold
for Population III star formation will be surrounded by the
chemically pristine halos that have not yet merged with it and
which are incapable of star formation, resulting in Population
III stars forming in environments where the nearest neighbors
are chemically pristine, smaller halos. After the Population III
star has formed, subsequent mergers of the low mass, chemi-
cally pristine halos with this post-Population III halo will fuel
chemically enriched star formation. As the Population III star
forming halo was the most massive local object, this effec-
tively shuts off Population III star formation in this region.
We next investigate the spatial distribution of the Population
III star forming halos and the chemically enriched halos using
two-point statistics. The two-point correlation function ξ(r)
quantifies the excess probability (w.r.t. random) to find two
halos in volume elements dV1 and dV2 separated by distance
r,
dP12(r) = n¯2 [1+ ξ(r)]dV1dV2, (16)
where n¯ is the mean number density of halos. We compute the
ξ(r) using the estimator introduced by Hamilton (1993). We
complement the (biased) halo correlation functions with the
correlation functions of the unbiased dark matter density field,
which we estimate from 100,000 randomly drawn dark mat-
ter particles from the simulations. The results of our cluster-
ing analysis are given for three redshifts in Figure 12, where
we show the correlation functions of Population III star form-
ing halos (red), chemically enriched halos (blue), and the dark
matter density field (violet). The decrease in the correlation
functions at scales larger than approximately half the box size
(∼ 3.5 h−1Mpc) is due to the finite size of the simulation vol-
ume. At all times, the chemically enriched halos are slightly
more clustered than the Population III star forming halos. We
estimate the bias of Population III star forming halos to evolve
from an extreme value of ∼ 10 to ∼ 5 to ∼ 3 from z = 18 to
14 to 10. This evolution is complemented by the growth of
a pronounced exclusion region in the two-point correlation
function of Population III halos that becomes clearly visible
by z = 10; no Population III star forming pairs are found at
separations below 8.2 comoving h−1kpc, consistent with the
nearest neighbor analysis discussed above and shown in Fig-
ures 9-11.
The nature of Population III star forming halo assembly at
late times can be better understood by examining the halo
merger history that precedes primordial star formation in a
typical halo. Figure 13 shows a comparison of several halos
that host Population III stars to several halos that form chem-
ically enriched stars. The halo lineage is followed backwards
through time, and follows the most massive progenitor. Figure
13 works backwards in time from z = 10.73, though similar
behavior is seen in across late times in our model. The mass
of each halo in the lineage is normalized to the final mass of
the halo, and the time is normalized to the time elapsed in the
simulation since the first star formed. There is a clear dif-
ference in the growth of the two populations of halos. Halos
that host chemically enriched stars grow more rapidly at early
times, with slower growth later. This pattern of halo growth
in overdense regions, in which rapid early growth is followed
by slower growth at later times, is in agreement with the find-
ings of McBride et al. (2009), and supports our finding that
chemically enriched star formation occurs in halos that are in
more overdense regions. Conversely, chemically pristine ha-
los grow slowly at early times, and experience rapid mergers
at late times that push their mass above the threshold required
for Population III star formation. The rapid, late assembly of
Population III halos at later times in our models is the result
of multiple mergers of small, chemically pristine halos oc-
curring in rapid succession. This rapid growth, taken in the
context of Figures 10 and 11, shows a coherent picture of a
region of many small, chemically pristine halos, all of which
are individually too small to form a Population III star, un-
dergoing a rapid series of mergers until the Population III star
formation mass threshold is surpassed. When the Population
III star forms, its host halo is still surrounded by chemically
pristine halos, but subsequent mergers with this now chem-
ically enriched halo fuel chemically enriched star formation
rather than Population III star formation. Halos in underdense
regions grow as if they are in a low-ΩM universe, and are thus
retarded compared to the mean (Mo & White 1996). This
explains the slow growth and systematically different behav-
ior. The slow growth of halos in these underdense regions en-
ables the formation of chemically pristine halos large enough
to host Population III star formation at late times according to
our models.
5. DISCUSSION
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Figure 9. The distance to the nearest neighboring halo, originating from Population III (red) and chemically enriched (blue) halos. Panel A shows the distribution
of distances at z = 18, Panel B shows the distribution at z = 14, and Panel C shows the distribution at z = 10. At early times the environments are almost
indistinguishable, but as time passes the chemically enriched halos become more clustered and Population III forming halos become increasingly spread out. The
histograms are normalized to allow for the comparison of the much more numerous set of chemically enriched halos to the set of Population III halos.
Figure 10. The distance from halos forming Population III stars to the nearest chemically pristine halo of any mass (red) and to the nearest chemically enriched
halo of any mass (blue). The chemically pristine halos do not need to be massive enough to form a Population III star. Panel A shows the distribution of distances
at z = 18, Panel B shows the distribution at z = 14, and Panel C shows the distribution at z = 10. Halos hosting Population III star formation are much closer to
other chemically pristine halos than to chemically enriched halos.
Figure 11. The distance from Population III star forming halos to the nearest other Population III star forming halo (red) and nearest chemically enriched halo
of any mass (blue). Panel A shows the distribution of distances at z = 18, Panel B shows the distribution at z = 14, and Panel C shows the distribution at z = 10.
The nearest star forming halos are almost entirely chemically enriched, and Population III star forming halos tend to form in isolation from one another. Taken
with Figure 10, this plot indicates that Population III star forming halos are generally surrounded by chemically pristine halos that are not sufficiently massive to
form a Population III star.
5.1. Comparison to Observation
To verify that this model accurately creates a set of halos
capable of forming Population III stars, several methods of
validation were undertaken. One method was to compare the
total star formation rate (SFR) density to observational con-
straints from Bouwens et al. (2011). The stellar mass density
derived SFR density they report for z = 10.3 ranges from ap-
proximately 2.5×10−3 to 6.3×10−3 Myr−1Mpc−3, with a lu-
minosity density derived SFR density placing an upper limit at
2.5× 10−4 Myr−1Mpc−3. This range brackets the SFR den-
sity found by our model with a star formation efficiency of
0.008, and is in reasonable agreement with the models with
higher star formation efficiencies. It should be noted that the
SFR density reported in Bouwens et al. (2011) at z = 10.3 is
an extrapolation from data extending to z∼ 8, and in the case
of the luminosity function derived SFR density is reported as
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Figure 12. The halo correlation functions for Population III halos (red) and chemically enriched halos (blue), and the unbiased dark matter density field (violet).
Panel A, B, and C show the correlation functions at z = 18, 14, and 10, respectively. Error bars are plotted for all points, but are generally not visible. At all times
chemically enriched halos are more clustered than Population III star forming halos.
Figure 13. An example of the rate of growth of halos to their final mass at
z = 10.73. Each halo is normalized to its final mass, and each line represents
an individual halo. Time is shown on the horizontal axis, with tfinal being
defined as the amount of time since the first star in the simulation formed.
Red, dashed lines show the 10 most massive chemically enriched halos and
blue, solid lines show the 10 most massive chemically pristine halos. All
10 chemically pristine halos are plotted, though their very similar growth
at late times makes them overlap in this figure. Chemically enriched halos
experience faster growth at early times, while the chemically pristine halos
that host Population III stars grow slowly at early times, remaining below the
mass required for star formation. Growth in chemically pristine halos occurs
rapidly at late times, immediately prior to star formation.
an upper limit.
5.2. Comparison to Other Work
The work of Trenti & Stiavelli (2009) motivated the Pop-
ulation III star formation method used in this model, and
comparison with their results shows a striking agreement.
While Trenti & Stiavelli (2009) use an analytic dark mat-
ter halo formation rate derived from the Sheth & Tormen
(1999) mass function, as opposed to the cosmological sim-
ulations used here, there is excellent agreement between the
two works. The minimum halo mass for Population III star
formation at z = 10 is nearly identical: 4.8× 107 M with
our fiducial model compared to approximately 6.4×107 M
by Trenti & Stiavelli (2009). The SFR density at z = 10 also
demonstrates good agreement, with Trenti & Stiavelli (2009)
finding approximately 4× 10−3 Myr−1Mpc−3, compared to
1.3×10−2 Myr−1Mpc−3 with our fiducial model. This level
of agreement is encouraging considering that our model uti-
lizes a cosmological simulation to determine halo popula-
tions rather than the analytic Sheth & Tormen (1999) mass
function, our Population III star formation model was mod-
ified, and that our chemically enriched star formation model
was entirely different than the fixed rate of Trenti & Stiavelli
(2009). Given that chemically enriched star formation domi-
nates the overall star formation at z = 10 in both models, this
is particularly encouraging.
This work compares well with work by Ricotti et al.
(2002b), who find a SFR density of approximately 2 ×
10−2 Myr−1Mpc−3 at z = 10 despite vast differences in
approach. The simulations of Ricotti et al. (2002b) self-
consistently solve the radiative transfer equation, utilize H2
chemistry, heating, and cooling networks, as well as a
Schmidt law star formation prescription. Ricotti et al. (2002b)
use much smaller volumes of 0.5, 1, and 2 comoving h−1Mpc
on a side, giving considerably less statistical power to their
results. The advantage to their work is the addition of much
more elaborate multiphysics processes governing star forma-
tion and radiative feedback.
The work of Wise et al. (2012b) is similarly much more ro-
bust in its multiphysics capabilities, though is again hampered
by a small simulation volume of 1 h−1Mpc3. The simula-
tions of Wise et al. (2012b) use 12 levels of adaptive mesh re-
finement, a nine-species non-equalibrium chemistry network,
prescriptions for both Population III and chemically enriched
star formation, as well as kinetic and radiative stellar feed-
back. Regardless, our model finds very similar values of the
SFR density, both qualitatively and quantitatively, for both
Population III and chemically enriched star formation (see
their Figure 3). Our models utilizing f LWesc = 0.01 and 0.1 are
in particularly good agreement with their findings. Further-
more, in both our results and those of others, the chemically
enriched SFR density rises to dominate the Population III SFR
density by several orders of magnitude by z = 10.
5.3. Implications for Population III Modeling
Treating the photodissociating radiation self-consistently is
crucially important to the selection of halos that are capable
of forming a Population III star. Figure 6 indicates that the de-
struction of H2 dramatically impacts the minimum halo mass
that is capable of hosting Population III star formation. As
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Population III star formation persists well beyond the forma-
tion of the first star in the simulation, the vast majority of Pop-
ulation III stars will form in the presence of a non-negligible
photodissociating background. These stars, termed Popula-
tion III.2 (McKee & Tan 2008; O’Shea et al. 2008), comprise
the majority of stars that form from chemically pristine gas,
but are fundamentally impacted by the radiation produced by
other stars. This suggests that the simulations that use small
simulation volumes (e.g., Abel et al. (2002); Bromm et al.
(2002); Turk et al. (2009)) are typically neglecting a major
aspect of the environment in which Population III stars form.
Even some of those that do include this effect (e.g., Machacek
et al. (2001); O’Shea & Norman (2008); Yoshida et al. (2003))
suffer from the effects of small simulation volumes and the
the lack of metal-enriched stellar populations, and simula-
tions that include both (e.g., Ricotti et al. (2002a); Wise et al.
(2012b)) still have too small of a simulation volume to ade-
quately sample the star formation behavior of the early uni-
verse.
5.4. Limitations and Future Work
The photodissociating background is treated as being ho-
mogenous in the entire simulation volume rather than prefer-
entially impacting the halos nearest to star forming halos. On
the small scale, one expects the photodissociating background
to vary as r−2, where r is the distance from nearest small
number of halos, and should vary substantially. We could in
principle account for this variation on small scales, though
the long-lived photodissociating background can be modeled
as being the sum of a homogeneous term and an anisotropic
term. The anisotropic term is caused by star formation in the
last approximately Lbox/c(1+z) years, where Lbox is the size of
the simulation volume and c is the speed of light. On a larger
scale, the photodissociating background is inhomogeneous on
the many-Mpc scale based on large-scale modes (Ahn et al.
2009). This inhomogeneity is neglected as it is neither a large
effect in comparison to the homogeneous photodissociating
background, and because it cannot be treated in a model of
this nature.
The effect of ionizing radiation produced by the stellar pop-
ulations is neglected. The recombination rate scales as ρ2,
where ρ is the density, which in turn scales as (1+ z)3, so the
recombination rate will scale as (1 + z)6. At the redshifts of
interest, halos would need to be very close to one another for
the ionized hydrogen regions to be important. For example,
calculating the radius of the Strömgren sphere produced by a
3 M chemically enriched star using the average ionizing flux
from Schaerer (2003) and an average density approximating
the hydrogen mass density component of the virial density,
calculated as 178× (ΩBρc(1+ z)3)/(mH), where ρc is the criti-
cal density of the universe, and mH is the mass of a hydrogen
atom, gives an ionized region around the star extending only
15 pc at z = 30, and only 122 pc at z = 10.
Any gas that is ejected from a halo is considered to be per-
manently lost, and is never incorporated into future halos or
used in star formation. As the mass of gas that is lost is de-
termined by the energetics of the supernova in the halo and
the escape velocity as determined by the halo mass, the as-
sumption that the material is permanently lost from its halo of
origin is likely valid. Kitayama & Yoshida (2005) show that
the fate of gas in a halo in which a supernova occurs cannot
be determined solely through the comparison of the explosion
energy and the binding energy of the halo, but is strongly de-
pendent on gas density profile, and that in halos of mass∼ 107
M and larger the halo will not be evacuated, even when the
explosion energy exceeds the binding energy by 2 orders of
magnitude. Chemically enriched gas could conceivably be
ejected from one halo and impinge on a nearby pristine halo,
rendering that halo incapable of forming a Population III star
despite never having hosted star formation in its assembly his-
tory. While chemically enriched material may be ejected from
a halo as a result of a supernova explosion, it extends to a
radius of only ∼ 1 kpc within 105 − 107 yrs (Bromm et al.
2003; Whalen et al. 2008), and has a negligible impact on
star formation in satellite minihalos (Whalen et al. 2010). It
is unlikely that chemically enriched material ejected into the
intergalactic medium would pollute surrounding chemically
pristine halos, as at z = 10 the minimum comoving separa-
tion between a Population III and chemically enriched halo is
2.2 h−1kpc. These motivations are at the core of the assump-
tion that star formation, evolution, and death in one halo does
not directly impact other halos that are nearby, but only con-
tribute to the global characteristics of the simulation volume.
This model does not include any effects of reionization, but
this is likely not an issue as the simulations to which the model
is applied are stopped at z = 10, well before the epoch of reion-
ization. The results of this model will be invalid if applied to
times beyond the onset of the epoch of reionization.
Future work allows several primary areas for improvement
in this model. Improved methods for associating dark matter
particles with a specific halo based on the gravitational poten-
tial, or by utilizing a six-dimensional Friends of Friends al-
gorithm (Diemand et al. 2006) that includes particle velocity
data in addition to the spatial criteria for halo identification
would provide a more physically realistic halo catalog and
merger tree. The very rapid growth of Population III halos
at late times (see Figure 13) has potentially important impli-
cations for the formation of Population III stars. O’Shea &
Norman (2007) showed that increasing the halo merger rate,
and in turn growth rate, increased the temperature of the halo,
leading to the production of more H2, though the results of
O’Shea & Norman (2007) are for much larger mass halos, so
care should be taken in extending their results to the halos in
our simulation. Increasing the H2 content of a halo could lead
to more efficient cooling, and a colder halo core. The method
for determining if a halo is capable of forming a Population III
star in this model is independent of the halo assembly history,
and uses halo mass as a proxy for the maximum amount of H2
that can reside in the halo. Allowing the model to increase the
mass of H2 in a halo in response to rapid growth could poten-
tially enable halos less massive than the current Population III
star forming mass threshold to cool efficiently and form stars.
Treatment and addition of this effect to the model are left for
future work.
Many other effects that are not included in this model may
be important to the Population III star formation and the deter-
mination of the Population III initial mass function (IMF). For
example, molecular hydrogen rates (Turk et al. 2011a), mag-
netic fields (Turk et al. 2012), and subgrid turbulence (Latif
et al. 2012) have been shown to be dynamically important in
Population III star formation. Turbulence in primordial clouds
enhances fragmentation, even when subsonic, and this behav-
ior is observed in both Population III.1 and Population III.2
star forming halos (Clark et al. 2011a). Radiative feedback
from a Population III star can halt accretion, establishing its
mass, and H2 photodissociating radiation could reduce the dif-
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ferences mass between Population III.1 and Population III.2
stars by inhibiting cooling via H2 (Hosokawa et al. 2012). In-
vestigations using sink particles to model the accreting proto-
stars have indicated that local radiative feedback halts accre-
tion onto the protostars forming in a fragmented primordial
disk, and that the end of accretion is what sets the final stellar
masses (Stacy et al. 2010, 2012). The impact of additional en-
ergy input from dark matter annihilation on the fragmentation
properties of a Population III star forming cloud is investi-
gated by Smith et al. (2012), who find that fragmentation still
occurs despite this additional energy. It may be the case that
the Population III IMF is set primarily by effects on a scale
smaller than the halo environment, and that large scale dif-
ferences in environment are a sub-dominant effect, but this
investigation must be carried out in order to assess the impor-
tance of halo environment on Population III star formation.
The results of this model will be improved with its appli-
cation to larger simulation volumes, as increasingly rare high
mass halos will be more likely to form. This will allow for
a more representative investigation of the halos that host both
Population III star formation and the feedback that ensues as
chemically enriched star formation begins. The application
of this model to simulations run with full physics capabilities
will allow for direct comparison between the results of the
two methods. This will enable the identification of physical
processes that are relevant to star formation and chemical evo-
lution that cannot be treated in the statistical manner of this
model. Identification and improvement of these areas will al-
low for the model to become more robust while retaining as
much of the current computational efficiency as possible.
This is the first paper in a series. Paper II investigates the
nucleosynthetic evolution of high redshift structure in com-
parison to the local dwarf spheroidal population and the Milky
Way and Andromeda stellar halos. Further papers will include
full-physics adaptive mesh refinement simulations of selected
pristine halos across a range of redshifts and density environ-
ments.
6. SUMMARY AND CONCLUSIONS
Our model identifies the chemically pristine halos capable
of forming a Population III star in an N-body cosmological
simulation. The semi-analytical model includes Population
III and chemically enriched star formation, halo metal pollu-
tion, and the H2 photodissociating radiation from the stellar
population. This is a substantial improvement over previous
work of this type, and is also a useful complement to full-
physics simulations because it allows for the investigation of
larger cosmological volumes, allowing for improved statistics
and the creation of a more representative sample of Population
III star forming halos. Population III and chemically enriched
star forming halos have very similar properties and environ-
ments at high redshifts, but these properties diverge substan-
tially at later times. At late times Population III stars form in
massive halos in underdense regions that grow rapidly. Pop-
ulation III star forming halos assemble in isolation from both
chemically enriched and other Population III star forming ha-
los. This finding carries implications for the search for Pop-
ulation III stars with the James Webb Space Telescope and
other future observational missions, as Population III stars do
not form in or near galaxies, and searches in these environ-
ments are unlikely to yield results.
Accurate modeling of Population III star formation requires
effects and conditions that are not accounted for in current
simulations. Work to model Population III star formation in
the redshift range of z ∼ 15 to z ∼ 10 should be carried out
in larger simulation volumes in order to self-consistently de-
termine the H2 photodissociating radiation produced by other
stars. The density environment that hosts a Population III star
forming halo is generally modeled improperly as well, sug-
gesting that the Population III star formation in the literature
to date may reflect only a portion of the character of that found
in nature.
This model has succeeded in producing a catalog of more
than 40,000 halos in a single cosmological simulation that are
capable of forming Population III stars. These halos range
in mass from 2.3×105 M to 1.2×1010 M and in redshift
from z = 30 to z = 10. Simulations of these halos will enable a
vastly more representative study of the characteristics of Pop-
ulation III stars.
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